The electrical resistance change method (ERCM) has long been an area of interest as an in-service health monitoring system. To apply the ERCM to existing structures, a new concept, the addressable conducting network (ACN), is proposed for autonomic structural health management of graphite/polymer composites. The ACN consists of two sets of conducting lines normal to each other, where one set resides on the top surface of the laminate and the other on the bottom surface. Damage can be detected by monitoring the resistance change 'through the laminate thickness' between two lines. By using a thermally mendable polymer as the matrix, the same conducting lines can be used to supply the electric current needed for resistive heating, thereby allowing the detected damage to be healed. As shown experimentally, the electrical resistance change method using an ACN distinguishes between laminates made of properly and improperly cured prepreg as well as revealing damage generated during three-point bending tests. Finite element analysis was performed to examine the feasibility of the ACN and indicated that the damage can be easily located from the spatial distribution of resistance changes and that the damaged area can be locally heated by supplying a large amount of current to selected conducting lines.
Introduction
Subcritical damage such as delamination and ply cracking in graphite/polymer composites is difficult to detect and may lead to catastrophic failure if left unattended. Although this damage could be found by ultrasonic or radiographic techniques, these usually require an out of service inspection of the structure. In order to ensure a high level of structural integrity it is necessary to have an in-service inspection system that gives an alert immediately upon the initiation of damage.
While detecting subcritical damage is difficult, repairing this damage is also a significant challenge. One solution to this issue is the use of a thermally mendable polymer as the matrix, which allows the damage to be healed by applying heat. A polymer which has thermally mendable properties has been synthesized by Chen et al [1] . A series of thermally mendable polymers via Diels-Alder (DA) and retro-DA reactions has also been synthesized by researchers in the same group [2, 3] . Compared with other popular selfhealing materials mixed with healing agents and embedded microcapsules [4] , thermally mendable polymers have the distinct advantage that they have repetitive healing ability. In addition, there is no need to disperse additional healing agents inside the structure which could cause degradation of the mechanical properties due to the modification of the matrix.
A primary concern in using thermally mendable polymers is that they require a heating system to initiate the selfhealing reaction. Fortunately, graphite fiber composites are able to overcome this concern due to their high electrical conductivity.
Supplying a high electric current to the graphite fibers generates resistive heating in the polymer matrix. It has been successfully shown that a thermally mendable polymer can be healed by using resistive heating when used as a matrix [5] [6] [7] . In addition, the conductive property allows in-service health monitoring systems by the electrical resistance change method (ERCM) . The ERCM uses the reinforcing graphite fibers in the composite structure as an electrical network. It monitors electrical resistance changes during the operation of the composite system in service. The electrical resistance changes due to structural deformation are applied to strain monitoring [9] [10] [11] and those due to interruption in the electric current flow allow structural damage detection [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Simple electrodes placed on the composite surface can be used to monitor the structural condition without any additional expensive sensors or instruments. Thus, subcritical damage in a graphite fiber composite with a thermally mendable polymer matrix can be detected and repaired electrically, based on the development of effective electrode integration with the composite system.
Most papers on the ERCM do not discuss implementation in real structures, instead using beam or thin panel structures that have simple unidirectional or cross-ply stacking sequences. The main difficulty in implementing the ERCM comes from the complexity of the electrical network formed by graphite fibers [24, 25] . The electrical network varies depending on the location of the electrodes [16] and the stacking sequence of the laminate [14] , affecting the sensitivity to damage.
One way to avoid the complexity of the electrical network is to insert insulating layers between the graphite/polymer layers [28] , but the insertion of different materials into the graphite/polymer composite constrains the possible applications of the ERCM. It is desirable to utilize the electrical network of graphite fibers without any modification of the structure.
The present paper proposes an addressable conducting network (ACN) that practically utilizes the electrical conducting network of graphite fiber composites for self-sensing and self-healing. To reduce the variation of the electrical network due to the laminate's configuration, a number of conducting lines are integrated on the top and bottom surfaces to make a grid arrangement. 'Through the thickness' resistances obtained from the pairs of conducting lines are able to localize damage regardless of the laminate's stacking sequences. The same conducting lines are subsequently used to supply large amounts of electric current to repair the damage. In the present paper, the concept of the ACN is introduced first and then the effectiveness is experimentally proven by detection of structural degradation and damage. Finite element (FE) simulations are performed to examine the feasibility of the system when the ACN is used in a larger structure with more conducting lines. In the simulation, the influence of the laminate stacking sequence on the resistance increase due to a delamination occurrence is investigated and the application of resistive heating is observed for assessment of the damage repair.
Addressable conducting network
A potential application is illustrated in figure 1 , where the composite skin of an aircraft wing is covered with an ACN. The ACN consists of a grid of conducting lines: one set of transmitting lines on the top surface of the laminate and the other set of receiving lines on the bottom surface. On each surface, the lines are parallel to one another and equally spaced, although this is not necessary depending on the geometry of the wing. These two sets of conducting lines are on average normal to each other. Thus, two-dimensional coordinates of a point on the laminate can be approximated by a pair of lines tx-by, one on the top (tx ) and the other on the bottom (by). The electrical properties such as resistance and capacitance, called the pair resistance and capacitance, can be measured at a nodal point (x, y) using the pair of lines (tx , by) to obtain the spatial distribution of the electrical property of the laminate. This arrangement of conducting lines is widely applicable to structures regardless of geometry, whereas the discretely located electrodes discussed in many papers [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] would make the wiring to each electrode inefficient for larger and more complex structures. The advantage of the ACN is that it adapts, by varying the spacing between conducting lines, in accordance with the geometry and maintains electrode connectivity at the edge of the surface. Moreover, commercial aircraft made with graphite fiber composites may already have metal mesh to protect them from lightning strikes which, if modified, could be used as the ACN. Another candidate for surface application of an ACN is ink-jet printing of copper nano-ink [29] . A key enabling technology with this method is the sintering of printed nanoparticles on low-temperature substrates such as composite laminates. Our group has recently shown that intense pulsed light (IPL) can be used to sinter a variety of nanoparticles on polymer substrates [30, 31] . The integration of IPL sintered nano-ink conducting lines requires further consideration, so silver conductive paint is used for the conducting lines in the present paper.
In the following, the resistance will be used for discussion purposes, as the similar results will apply when resistance is replaced by capacitance. When local damage occurs at a particular point, the pair resistance will change at nodal points around the damaged location. Internal damage, such as delamination, interrupts the electric current flow through the thickness since the conducting lines are integrated on the top and bottom surface. The damage can then be located by the pairs of lines which show the largest change in the measured resistance regardless of the laminate stacking sequence. The severity of damage can also be inferred from the amount of the resistance change. The correlation between the measured resistance changes and the damage location and extent can be established by using an artificial neural network (ANN) [17, 22, 23] or a response surface methodology (RSM) [12, 13, 20] . Once the location and extent of damage are identified, electrical current can be supplied from the same conducting lines to the damage location for repair by resistive heating. The complete system thus constitutes an autonomic structural health management system.
Experimental study in detecting structural defects and damage using an ACN

Inspection of laminate quality
First the effectiveness of the ACN is examined for quality inspection of laminates. Even if the laminate appears nondefective, the internal qualities such as void contents and degree of cure need to be checked since they might degrade the mechanical properties of the laminate. These qualities mainly depend on the management of the prepreg storage, lay-up process and cure cycle, which are difficult to be properly maintained. However, internal defects resulting from the manufacturing process significantly affect 'through the thickness' electrical properties. These changes due to poor qualities of the laminate are easily detected by the ACN.
Laminates with various qualities were prepared and inspected using the proposed ACN system. Square 50 mm × 50 mm panels were cut from each cross-ply laminate made of AS4/3502 prepreg produced by Hexcel Corporation. Silver paint was then applied to create a pair of 4.0 mm wide conducting lines on the polished surfaces. One laminate was made of properly stored prepreg, and another laminate was produced using improperly stored prepreg taken out from cold storage and left at room temperature for one month. Since the improperly stored prepreg dried due to extended exposure to room temperature, it was difficult to stack prepregs in layers during the hand-lay-up process. In addition, another type of prepreg, K13C2U/RS24 supplied by YLA Inc., was prepared and three laminates in different conditions were fabricated. The first one was made of properly stored prepreg and the second laminate was fabricated using the improperly stored prepreg, again exposed to room temperature for a month. Even after being left outside for one month the K13C2U/RS24 prepreg was sticky enough for lay-up and there was no obvious difference from the properly stored prepreg. The third laminate was made of properly stored prepreg, but came out thicker. It turned out that the autoclave pressure did not reach the designated level during the cure cycle because of an insufficient gas supply.
The electrical resistances between a pair of conducting lines and the thickness of the laminates are shown in figure 2. Two specimens were prepared for each condition. The laminates made of AS4/3502 prepreg showed similar thickness regardless of the prepreg condition, but the pair resistances of the laminates made of improperly stored prepreg were much higher. This indicates the disconnection of the electrical network through the thickness due to the existence of voids or debonding between layers. The layers did not connect with each other during the curing process since the prepreg dried up. As for K13C2U/RS24 prepreg, the laminates cured with insufficient pressure were thicker, but the other two laminates showed similar thickness. The pair resistances were also similar, indicating that this prepreg maintains good quality even after exposure at room temperature for a month. The specimen cured under lower pressure showed a little higher resistance, as expected because of fewer contacts of graphite fibers through the thickness.
The cross section views were also observed to confirm the quality of each laminate.
The laminates made of AS4/3502 prepreg are shown in figure 3(a) and ones made of K13C2U/RS24 prepreg are shown in figure 3 3(a-ii) ) compared with the cross section shown in figure 3(a-i) . On the other hand, the laminates made of K13C2U/RS24 prepreg show that the interface between the layers is unclear as the resin is well connected through the thickness. As indicated in the pair resistance measurements using the ACN, the prepreg condition is still good even after leaving outside of cold storage for a month. The effectiveness of the proposed ACN system for quality inspection of the laminate was proven with cross section observation. 
Three-point bending test
Next, in-service damage detection of the graphite/polymer composite was carried out. To introduce internal damage such as matrix cracking and delamination, a three-point bending test was performed on a [0 2 /90 2 ] s cross-ply AS4/3502 laminate that was 1.2 mm thick. A beam specimen 20 mm wide and 100 mm long was cut from the laminate and had a pair of conducting lines of silver paint drawn on the polished surface, as shown in figure 4 . It was tested on an Instron 4411 Tabletop Mechanical Tester with a span of 20 mm. During loading at a crosshead speed of 0.5 mm min −1 , the electrical resistance between the conducting lines was measured using a Keithley 2100 multimeter. Thin aluminum plates covered with insulating tape were inserted between the top jig and the laminate to prevent it from making a dent on the surface. The loading point was 20 mm away from the top conducting lines, as shown in figure 4 , to avoid damaging the conducting lines. Initially, the beam was loaded to a mid-span deflection of 0.25 mm and then unloaded back to the initial state. The test was repeated to different deflection levels of 0.5, 0.75 and 1.0 mm using the same specimen. After all the tests, the specimen was examined under an optical microscope and a delamination was found at the loading point, as seen in figure 5 .
The three-point bending test results are shown in figure 6 . The electrical resistance change due to loading was divided over the resistance at the initial state. No particular change in electrical resistance could be seen when the maximum deflection was less than 0.5 mm, as shown in figures 6(a) and (b). During the loading to the deflection of 0.75 mm, figure 6(c), the slope of the load-deflection curve slightly changed just before the deflection reached 0.6 mm, and the electrical resistance started increasing at this point. This resistance increase indicates crack propagation inside the laminate. When the maximum deflection was set to 1.0 mm, figure 6(d), the electrical resistance did not change much up to about 0.8 mm, which is slightly higher than the previously reached level, because further damage requires a further increase in load. When the mid-span deflection exceeded 0.8 mm, the load dropped sharply and a cracking sound was heard from the specimen. Simultaneously, the electrical resistance increased significantly, showing a strong correlation between structural damage due to bending and the electrical resistance change. After the test there was no damage or plastic deformation seen from outside, but the slope change of the load-deflection curve apparently indicated the internal damage observed in figure 5 . The electrical resistance measurement using the ACN is very sensitive and can reveal structural degradation even if the damage cannot be visually detected.
Analytical study for practical use of an ACN system
FE model
Before testing larger specimens with more pairs of conducting lines, finite element (FE) analyses using the commercial software package ABAQUS were conducted to verify the feasibility of the proposed system at larger scale. The element for thermal-electrical analysis was used to simulate the resistance change due to damage and the resistive heating with high electrical current. The overall dimensions of the FE model are shown in figure 7. The FE model for the eight-layer [0 2 /90 2 ] S laminate uses 50 × 50 square brick elements with eight elements in the thickness direction. Three conducting lines of 4.0 mm wide are placed on each surface. Each conducting line is represented by 2 × 50 brick elements with one element in the thickness direction. The line spacing is 30 mm and the lines on the top and bottom surfaces are parallel to the x and y directions, respectively. The conducting lines placed on the top surface are named top 1, top 2 and top 3 from the left, and those on the bottom surface are bottom 1, bottom 2 and bottom 3. The total number of nodes generated by combinations of all conducting lines is nine; t1-b1, t2-b1, . . ., t2-b3 and t3-b3. A small current of 10 mA was applied to selected pairs of conducting lines to obtain the changes in electrical resistance. The constants used in the analysis are summarized in table 1. The electrical conductivities of the composite panel are taken from the work of Abry et al [21] , and the thermal conductivities are based on the AS4/3502 prepreg. The typical electrical/thermal properties of copper are used for the conducting lines except for the properties in the thickness direction. The properties in the thickness direction of the conducting lines represent the contact resistance. The contact resistance needs to be considered at the interface between conducting lines and the substrate laminate when the pair resistance is measured. The contact resistance was estimated using resistance measurements between two electrodes on the same surface at various distances and the intercept of their linear approximation [5, 6] . This contact resistance model has been shown to be effective in simulating resistive heating [6] . The convective heat transfer coefficient h is taken to be the same as for a heated plate under natural convection [32] .
A localized delamination was used as model damage. A delamination of 20 mm × 20 mm was placed at the interface of different fiber directions, in this case between the 2nd and 3rd layers. The delamination was modeled as having two sets of nodes at the same coordinates, one for the material above the delamination and the other for material below, so that the adjacent elements are completely separated, as shown in Figure 9 . Effect of laminate lay-up on initial pair resistances. figure 7. There is actually no gap at the delamination, but no current nor is heat allowed to flow across the delamination. As shown in figure 7 , three different locations are chosen for the delamination: location (i) at node t2-b2, location (ii) on b2 between t2 and t3 and location (iii) at the midpoint between t2 and t3 and between b2 and b3. In addition, a smaller 12 mm × 12 mm delamination was analyzed at the same three locations to examine sensitivity to delamination size.
Color code mapping for damage localization
The presence of a delamination naturally increases the pair resistance. Since we have nine pairs of conducting lines the laminate can be divided into nine areas pointed at by each node of a pair. For example, the electrical resistance between conducting line t2 and b2 monitors the center of the laminate. Figure 8 shows the electrical resistance changes at nine areas due to induced delamination. To recognize all the resistance measurements at a glance, the resistance changes are shown by color code. The increases in pair resistance were divided over the initial values. The largest resistance change was obtained when using the conducting lines close to the delamination location, as the most increase in resistance occurs at t2-b2 for the delamination located there. The pair resistance increase was on the order of 1000 micro, which is about the same output as the sharp increase seen in the three-point bending test, shown in figure 6 (d). The simulation results are thus reliable and we can expect that damage in larger laminates is experimentally detectable as well. The smaller delamination gives smaller resistance increases, but the distribution of the resistance changes is similar. Therefore, the delamination location is easily identified by the color code mapping of electrical resistance changes measured in the ACN system.
Influence of lay-up sequence on the sensitivity to damage
In order to study the influence of laminate stacking sequence, conducting line pair tx-by (x = 1, 2, 3, y = 1, 2, 3), and results for location (i) and location (iii) are shown here. When the delamination is close to the nodal point of the conducting lines, which means location (i), the [−45/0/90/45] s laminate with the lowest initial pair resistances is the most sensitive to the delamination, i.e., the highest increase in pair resistance. The [0 2 /90 2 ] S laminate with the largest pair initial resistances has the least sensitivity. As for the delamination is located far from the nodal point, the sensitivity is similar regardless of the stacking sequence. Even though the spatial distribution of the resistance increase mostly depends on the delamination location, the sensitivity to the delamination is different in each lay-up, as is expected from the difference of initial resistances.
Todoroki, et al reduced the influence of the stacking sequence and clarified the delamination location by normalizing the resistance changes using the following equation [15] .
The normalized resistance changes obtained from nine pairs of conducting lines are shown in figures 11(a) and (b). They are the results for delamination (a) at location (i), and (b) at location (iii). Compared with the results before the normalization, the spatial distributions are very similar to each other and they have almost the same maximum values. This means that the location of the delamination shows similar color patterns as shown in figure 8 regardless of the laminate stacking sequence.
Resistive heating
Once damage in a composite laminate is detected using the ACN, it is subsequently healed by resistive heating. A large amount of electric current is supplied to the same pairs of conducting lines that show the largest resistance increase. However, supplying electric current in the same way as done for the pair resistance measurement generates heat not only at the damaged part, but also along the current path. This excessive heating should be avoided to save the required energy for healing. Therefore, for heating, electric currents are supplied to both edges of conducting lines, as shown in figure 12 , to generate resistive heat locally at damaged area. The paths of the electric currents start from the edges, go along the top conducting line to the nodal point, and then pass thorough the laminate thickness to reach the bottom conducting line. These electric current paths make the density of electric current higher around the nodal point, enabling local heating. The location of heating can be controlled by selecting closer conducting line pairs. To investigate the heating performance a simulation was conducted with the boundary condition of a natural convection applied to the top and bottom surfaces of the laminate at an ambient temperature of 25
• C. The same FE model as used in the delamination detection was used to examine resistive heating. The dimensions of the model are 100 mm × 100 mm with a 1.2 mm thickness. Heating was accomplished by supplying a 5.0 A current to each edge of the t2-b2 pair to reach a temperature of 120
• C, which is required for healing of the thermally mendable polymer [1] . To see the influence of damage, the temperature inside the FE model was observed and compared with the temperature when a 20 mm × 20 mm delamination was located at the center of the [0 2 /90 2 ] s laminate.
The temperature distribution on the delamination plane, which is the interface between the 2nd and 3rd layers, indicated more effective heating in the presence of delamination because of a higher resistance, as shown in figure 13 . This is beneficial as the heating would be more localized at the damage location. To generate resistive heat according to the damage location, such as location (ii) and location (iii) in figure 7 , some pairs of conducting lines are simultaneously used. The temperature contours in figure 14 (a) were observed on the top surface in the absence of delamination when supplying a 2.5 A current to the conducting lines t2 and t3, and 0 V is set to the conducting line b3. Figure 14 (b) shows how a region surrounded by two neighboring pairs, specifically t2-b2 and t3-b3, were heated by supplying 4.0 A for each pair. As expected, the middle region cannot be heated more than the nodal point regions. Such information should be used to optimize the line spacing and width for a potential delamination size in a given laminate. The stacking sequence also makes the resistive heat different depending on the initial resistances between conducting line pairs, but the temperature profiles are very similar and the required temperature for the healing can be easily controlled by the amount of electric current. The selective heating capability afforded by the ACN can be also used to melt or prevent ice from forming on the laminate surface. The ACN is thus an enabling technology for developing multifunctional composite structures for many applications. One concern of heating the laminate is the change in mechanical properties such as strength and modulus. To repair the detected damages during the operation, the structure has to sustain the loading even at the healing temperature. The temperature dependency of the mechanical properties of selfhealing composites requires further investigation for practical use.
Conclusions
An addressable conducting network (ACN) is proposed as an enabling technology for developing multifunctional composite structures. The ACN can be used for a variety of multifunctional purposes: damage detection and repair, lightning strike protection and de-/anti-icing. In this paper a possible application of quality inspection of laminates was investigated and laminates made of improperly cured prepreg showed higher electrical resistances as measured by the ACN system. As a real-time monitoring method, damage detection performance was examined during three-point bending tests and a sharp increase of electrical resistance was observed with a cracking sound. These damage features can be expressed by a spatial distribution of resistance changes resulting from delamination. When combined with a thermally mendable polymer as the matrix, the ACN can provide the resistive heating required for damage repair.
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